The imaging Time-Of-Propagation (iTOP) detector is a Cherenkov particle identification detector constructed from quartz bars for the Belle II experiment at the SuperKEKB e + e -collider. The purpose of the detector is to identify, with high precision, charged hadrons produced in e + e -collisions. Belle II particle identification requires detector timing resolution below 50 picoseconds. A novel front-end electronic system was designed, built, and integrated to acquire data from the 8192 channels of the microchannel plate photomultiplier tubes in the iTOP detector. Sampling of the analog signals is done by switched-capacitor array application-specific integration circuits. The processes of triggering, digitization of windows of interest, readout, and data transfer to the Belle II data acquisition system are managed by Xilinx Zynq-7000 programmable system on a chip devices.
Introduction
The Belle II experiment [1] at the SuperKEKB electron-positron collider (High Energy Accelerator Research Organization, KEK, Tsukuba, Japan) is an upgrade of the Belle experiment [2] [3] that studied CP-violation and rare physics processes at the Υ(4S) and Υ(5S) resonances and completed data taking in 2010. SuperKEKB will collide 7 GeV electron beams with 4 GeV positron beams, with a design instantaneous luminosity of 8 x 10 35 cm -1 s -1 and a goal of integrating 50 ab -1 of data. Such large data samples will allow measurements of rare B and D meson decays, including those that are suppressed or forbidden by the Standard Model of particle physics. Belle II will also allow unprecedented sensitivity to lepton flavor violating decays of the τ lepton. In addition to searches for new physics, such data samples can lead to a substantial reduction of uncertainties for the processes that were already measured by Belle. To detect rare processes, as well as to maximize the signal to background ratios in the events of interest, requires improved particle identification capabilities. In particular, it is expected that several, rare and previously unobserved, physics phenomena can be explored at SuperKEKB if separation of kaons from pions in the transverse momentum range from 1 GeV/c to 4 GeV/c can be accomplished with 85-90% efficiency while the misidentification rate is maintained below 5% [1, 4] . Improved particle identification performance is also needed for Belle II to minimize the effects of beam backgrounds expected from SuperKEKB. To meet such particle identification requirements in the barrel region of Belle II, a novel Cherenkov detector -the imaging Time-OfPropagation (iTOP) detector [5] [6] [7] [8] -was built (Fig. 1 ).
Particle identification with the iTOP
At Belle II, the iTOP is placed between the Electromagnetic Calorimeter and the Central Drift Chamber (Fig. 2) . The iTOP barrel is divided into 16 modules (Fig. 3) . In each module (Fig. 4 ) the active detection element is a quartz (fused silica) bar that has a thickness of 20 mm and a width of 450 mm (Fig. 5) . The bar is glued from two identical 1250 x 450 x 20 mm 3 pieces with a total length of 2500 mm. An internal focusing spherical mirror with a radius of curvature on the spherical surface of 6500 mm is glued to one end of the bar. The mirror has a length of 100 mm and a thickness of 20 mm. A quartz prism is glued to the other end of the bar. The prism has a length of 100 mm, a width of 456 mm, a thickness at the end of the bar of 20 mm, and a prism angle of 18.07 degrees.
When a charged particle passes through the quartz bar, a cone of Cherenkov photons is created. Each of the photons undergoes repeated total internal reflection. As it was demonstrated in Geant4 [9] [10] [11] simulations prior to the iTOP construction, after multiple internal reflections from the surfaces of the bar the photon enters the outer surface of the prism (Fig. 6) .
The total time of propagation of the photon in the quartz bar, in the spherical mirror, and in the prism is measured. This time measurement is done with respect to a reference time, normally that of the electron-positron collision.
The Cherenkov photon emission angle depends on the speed of a charged particle moving through the detector material. For a given momentum, each hadron species (e.g. pions, kaons, protons) emits photons with a characteristic Cherenkov angle. These photons thus arrive at different locations on the outer surface of the prism. There are two groups of photons: those that, after their emission, propagate toward the prism, and those that, after the emission, initially propagate toward the focusing spherical mirror. The photons that propagate to the spherical mirror get reflected by the mirror and then propagate toward the prism. The focusing spherical mirror reduces the effects of chromatic dispersion.
With a knowledge of the charged particle momentum and of the location of the impact point on the quartz bar, measured by the Central Drift Chamber, the reconstruction algorithm can determine the species of the particle, using the measured x and y positions of the Cherenkov photons and the measured photon propagation times.
A single normally incident charged hadron, either kaon or pion, with a momentum of 1 GeV/c to 2 GeV/c produces about 20-25 Cherenkov photons in one iTOP bar.
Two rows of Hamamatsu R10754-07-M16(N) microchannel plate photomultiplier tubes (MCP-PMTs) [12, 13] (Fig. 7) are coupled to the outer surface of the prism to collect the Cherenkov photons. Each row contains 16 MCP-PMTs. Every MCP-PMT has a 4 x 4 pixel matrix, thus each photon generated in the quartz bar can be detected by one of 512 available pixels; the lateral dimensions of each pixel are 5.275 x 5.275 mm 2 . Such a detection scheme allows determination of two coordinates of each photon arriving at the outer surface of the prism.
Subdetector Readout Modules
The anode voltages from every MCP-PMT channel are amplified, sampled, selectively converted to digital form, and, finally, read out from the iTOP to the Belle II data acquisition system. The 8192-channel iTOP front-end electronic (FEE) readout system is organized as an ensemble of 64 compact standalone Subdetector Readout Modules (SRMs). One SRM (Fig. 8) is capable of reading out signals from 128 MCP-PMT anodes.
The key element of the iTOP FEE readout system is an 8-channel custom-designed waveform sampling application-specific integrated circuit (ASIC), named the Ice Ray Sampler version X (Fig. 9 ) and abbreviated IRSX. This name is derived from earlier waveform sampler designs for neutrino detection experiments in Antarctica [14, 15] .
The electronic readout of the 16-module iTOP is done in a way that every 512-channel iTOP module is served by four SRMs. One SRM contains 16 IRSX ASICs. Mechanically, the SRM is a board stack with five boards: one Standard Control Read-Out Data (SCROD) board and four identical ASIC carrier boards. The ASIC carrier board hosts four 8-channel IRSX chips, thus reads out the signals from 32 MCP-PMT anodes. The overall iTOP electronic readout scheme is shown in Fig. 13 . Table 1 lists the iTOP readout components and channel counts.
Analog signal sampling
The IRSX is an 8-channel multi-gigasample per second waveform sampler. It is fabricated in a 0.25 µm complementary metal-oxide-semiconductor process by the Taiwan Semiconductor Manufacturing Company (TSMC) and can work with input signals in a range from 0 V to 2.5 V.
Each IRSX channel uses one switched capacitor array (SCA). SCA-based devices [16] have been used in a number of high energy physics readout systems, since they allow large-scale, low-power, wide dynamic range transient signal acquisition. The basic unit of the SCA is a sample and hold analog storage cell, a circuit that has a 14 fF capacitor and a comparator. When an analog switch for the input signal is closed, the input signal is stored in the capacitor (Fig. 9 ).
The charge is held in the capacitor until the charge is overwritten or until a discharge occurs through a leakage current. The sampling capacitor is connected to the storage array and the comparator through a two-stage transfer.
The SCA (one per IRSX channel) consists of 16 rows and 32 columns of windows, each having 64 storage cells (Fig. 10) . Thus, there are 32,768 analog storage cells available for each channel sampling buffer, or 262,144 (8 x 32,768) cells for one ASIC.
Analog sampling is carried out continuously with an operational speed of 2.714 GSa/s while signal digitization and readout are done only when a trigger is received. The IRSX design also allows for digitization and readout with self-triggering. For that mode of operation, each channel has its own comparator circuit. The trigger fires when an input signal exceeds a positive threshold voltage. The threshold voltage for each channel is set by an on-die digital-to-analog converter (DAC).
During iTOP operation, the signal digitization and readout are activated by external triggers from the Belle II Global Decision Logic system, which in its turn receives ASIC trigger bits prior to issuing the decision for the iTOP to digitize and read out stored waveforms. The latency of the Belle II Global Decision Logic system is 5 µs.
After a trigger arrives, Wilkinson analog-to-digital conversion (ADC) of the waveform samples ( Fig. 11 ) is performed in parallel on the 64 samples corresponding to a single read address, on all 8 channels simultaneously. This high degree of parallel processing compensates for the relatively long conversion time required when using the Wilkinson technique; for Belle II operation the conversion time is set to about 4 µs. Receipt of a trigger blocks writing (in external firmware) so that the stored voltage values are not overwritten until digitization is completed. A common voltage ramp is connected to the positive input of the comparator in every storage cell selected for conversion. For iTOP operation, the minimum ramp voltage is set to 0.5 V, while the maximum ramp voltage is set to 2.0 V. At the start of a conversion, the voltage ramp increases linearly from the minimum voltage up to the maximum voltage, during which time an 11-bit Gray code counter is incremented. For a given storage cell, when the voltage ramp level exceeds that of the stored sample voltage, the comparator changes state and latches the Gray code value. In addition, the phase of the Gray code counter clock is latched to provide a 12th bit of ADC resolution. By this method, the voltage ramp and comparator convert the stored voltage into a time interval, and the latched Gray code converts this time into an ADC output. With a 12-bit ADC range, corresponding to the 1.5 V range of the voltage ramp, one ADC least-significant bit corresponds to about 0.4 mV. The Wilkinson ramp, the comparators, and the digital counter are internal to the IRSX ASIC.
Before becoming an IRSX input signal, the MCP-PMT anode signal is terminated with a 69.8-ohm terminating resistor, alternating current (AC) coupled with a capacitor, and then amplified. A pedestal voltage is applied after AC-coupling of the input signal. This is needed to make a direct current offset, because the digitization is performed only with positive voltages. The control of the data digitization and readout is done by one Xilinx Zynq-7000 Z-7030 system on a chip (SoC). The Z-7030 SoC is programmed to address all windows, from 0 to 509, sequentially in every event, keeping windows 510 and 511 as scratch windows.
The IRSX sampling speed is set by an adjustable control voltage.
ASIC carrier board
Four IRSX chips are mounted on every ASIC carrier board (Figs. 14 and 15); a pair of ASICs is mounted on each surface of the board. Two spring loaded pogo pin assemblies 1 are installed at one of the edges of the carrier board. The pogo pins (one for each MCP-PMT anode) pick up the anode signals for amplification and further sampling and digitization by the IRSX ASICs. Each anode signal is amplified by a two-stage amplification chain before the signal becomes the input signal of the IRSX channel; in total, there are 64 operational amplifiers mounted on each carrier board for this purpose. The amplification chain transimpedance gain is equal to 11.4 kiloohms. Such a gain allows sampling MCP-PMT single photon signals with a photomultiplier gain of no less than 2 x 10 5 and with a detection efficiency, defined as the ratio of the number of detected photons over the number of incident photons, of no less than 70%. The ASIC carrier board has one Z-7030 SoC that provides necessary configuration settings and writes s±trobes to all four IRSX chips. In addition, the Z-7030 SoC reads out digital data from all the ASICs of the carrier.
The ASIC carrier board has mezzanine connectors that allow the interconnection of four carrier boards. The connectors support Serializer/Deserializer (SerDes) communication, transmission of low-voltage differential signaling (LVDS) control signals, and transmission of digital data with gigabit per second speeds.
SCROD board
In the SRM, one of the four interconnected carrier boards is electrically and mechanically connected to the SCROD board (Figs. 16 and 17) . The primary element of the SCROD board is a Xilinx Zynq-7000 Z-7045 SoC controller that receives the data recorded by the four carrier Z-7030 SoCs. Upon the receipt of the data, the Z-7045 SoC controller rapidly processes the waveform data and extracts the time at which the photon hits a particular MCP-PMT pixel. The Z-7045 SoC controller also calculates an estimate of the value of the charge collected at the anode that corresponds to the pixel of interest. The extracted hit time, together with the estimated charge value, is called "feature extracted" data. The controller assigns the feature extracted data an event number and forwards the data to the Belle II data acquisition (DAQ) system [17] . The iTOP FEE readout system records "feature extracted" data, instead of full waveform data, due to the iTOP maximum data size requirements from the Belle II DAQ system. The iTOP will transfer data to the Belle II DAQ system with a speed of up to 120 MB/s with an average Belle II DAQ trigger rate of 30 kHz. It is assumed that the iTOP will operate at 2.5% occupancy, while the size of a single iTOP event will be 4 kB.
Clock and triggering signals come to the SCROD from the Belle II timing distribution system [18] and are sent by the Z-7045 SoC controller to each of the four carrier Z-7030 SoCs through an LVDS fan-out. The digital data, recorded by the carrier Z-7030 SoCs, are sent to the Z-7045 SoC controller through a gigabit per second link realized with the mezzanine connectors. The SCROD board is equipped with two Avago AFBR-57D7APZ small form-factor pluggable fiber optical transceiver modules. One module sends the digital data to the Belle II DAQ system, the other transmits trigger bits from the IRSX ASICs to the Belle II Global Decision Logic system. The Avago AFBR-57D7APZ module allows optical transmission speed of up to 8 gigabyte per second.
The SCROD also has double data rate random access memory (RAM) to store ASIC parameters and to buffer incoming data. Firmware downloads for the controller and carrier SoCs can be done through either of two Joint Test Action Group (JTAG) mounted connectors. One JTAG connector is useful for debugging purposes when an SRM takes data in a laboratory setting. The other JTAG connector is used during iTOP operation when the SRM is integrated in the detector.
Heat removal from the readout modules
The power dissipated at the SRM can be as large as 80 W. Among the board stack components, the main power consumers are the SoCs, the IRSX ASICs, the operational amplifiers, and the voltage regulators. To properly remove heat from the SRM, all ASIC carrier and SCROD boards are attached to aluminum plates. The plates are machined in such a way that they allow niches and open spaces, so that the SCROD and ASIC carrier on-board electrical components remain unobstructed. Copper disks are epoxied to the carrier Z-7030 SoCs. A thermal gap filler paste is placed between the copper disks and the aluminum plates to improve the disk-to-plate coupling and improve the heat removal efficiency. When the board stack is assembled, the edges of the ASIC carrier and SCROD boards are sandwiched between the edges of the aluminum plates. In order to increase the heat flow from one plate to another, the edges of each board have a dense array of stitching vias that are filled with thermal grease.
High voltage board
Since each SRM acts as a standalone readout unit, it is supplied with its own high voltage (HV) board (Fig. 18) . One SRM reads out signals from eight MCP-PMTs, thus one HV board has eight channels. Each channel is a 400-megaohm resistive divider, coupled with high voltage transistors. The board delivers high voltage to a photocathode and to the microchannel plates of the MCP-PMT. The board is enclosed in an aluminum case, to which the SRM is mechanically attached, and each HV board is mechanically attached to a water cooled aluminum plate. Water, while circulating through the pipes embedded in the plate, removes the heat from the HV board and from the board stack. Pogo pins are installed on the HV board to output the high voltage. The make and the model of the pogo pins are the same as of the pogo pins installed on the ASIC carrier boards.
The MCP-PMT operating voltages range from about 2100 V to about 3200 V.
Front Board
Charges from the anodes of the MCP-PMT are collected via a special Front Board (Figs. 19, 20 , and 21). In its working position, the Front Board is oriented parallel to the back surfaces of the MCP-PMTs. The Front Board has pin sockets installed in blind holes. The sockets hold MCP-PMT pin wires; one board holds four MCP-PMTs. A 4 x 2 array of MCP-PMTs, corresponding to one SRM and to 128 iTOP channels, are served by two Front Boards. The sockets are wireconnected to pads on the opposite surface of the Front Board. When the SRM is installed in the iTOP, the ASIC carrier pogo pins are pressed against the pads that are connected to the MCP-PMT anode sockets of the Front Board. The signals from the anodes are then picked up by the pogo pins. In addition to transferring the anode charge signal to the iTOP SRM, the Front Board distributes the high voltage from the HV board to the MCP-PMT photocathode and microchannel plate contacts. Similar to the anode signal sockets, there are sockets on the Front Board for the MCP-PMT photocathode and microchannel plate pin wires, and those sockets have corresponding pads. The HV board pogo pins are pressed against those pads when the HV board is installed in the iTOP module to bias the MCP-PMTs.
Firmware
The iTOP FEE readout system firmware was developed and implemented for Xilinx Zynq-7000 Z-7045 and Z-7030 SoCs. Each SoC combines a high-performance 28 nm Kintex-7 fieldprogrammable gate array (FPGA), a dual-core ARM Cortex-A9 processor, an on-board memory, and an extensive peripheral set in a single package. This allows the system design to be customized both for speed of the FPGA and for flexibility of the processor. In every SRM, the channel level trigger data are received by the Z-7045 SoC from four ASIC carrier board Z-7030 SoCs via custom serial interfaces implemented on standard FPGA Input/Output (I/O) interfaces (Fig. 22) . The data are collected via dedicated gigabit transceivers (GTXs) that run a communication protocol, called a "Pretty Good Protocol" or "PGP", developed at SLAC National Accelerator Laboratory [19, 20] . After arrival at the Z-7045 SoC, the data are streamed out through a GTX, connected to a fiber optic transceiver. The fiber optic transceiver relays the data to the Belle II Global Decision Logic, to be combined with data from other Belle II subsystems to initiate the iTOP system level triggers. These triggers, along with a divided copy of the SuperKEKB Radio Frequency (RF) clock, are distributed via Category 7 twisted pair (CAT7) cable and are received by a serial interface. The triggers are then fanned out to the ASIC carrier boards via mezzanine connectors. In response, each ASIC carrier transmits the data back, which are buffered, transmitted to the Processing System (PS) of the SoC via a built-in high performance Advanced eXtensible Interface (AXI), and are then pedestal subtracted and feature extracted. The data flow is controlled by registers that reside in the Programmable Logic (PL) of the SoC and are accessible via a general purpose AXI interface. The processed data are sent back to the PL to be buffered and transferred to the Belle II DAQ system via the specially developed Belle2Link protocol [21] .
The primary function of the Z-7030 SoC firmware is to interface to four on-board IRSX ASICs (Fig. 23) . Asynchronous, width encoded trigger bits from each ASIC channel are monitored by the SoC. When a photon is recorded from an MCP-PMT pixel, a time stamp of the event is assigned. In addition, triggers are monitored to tag those regions in the analog memory that have hits, and to avoid overwriting hits that are not yet digitized. Upon receipt of a system trigger from the SCROD, an ASIC Master Control block coordinates digitization and readout of the desired IRSX channels and analog memory regions. Digitized data are buffered within each IRSX control block, and multiplexed back to the SCROD via GTX interfaces running the PGP protocol. Register transactions are also relayed via this protocol from the SCROD. The ASIC carrier PS is primarily used for monitoring auxiliary devices, such as voltages and temperature sensors.
Interface with the Belle II data acquisition system and with the Belle II timing system
A specialized Common Pipelined Platform for Electronic Readout (COPPER) version III (Fig.  28) was developed for the Belle II experiment as a main component of the DAQ system [17] . COPPER-III is a 9U Versa Module Europa (VME) platform, the main component of which is a Peripheral Component Interconnect mezzanine card with a 32-bit 1.6 GHz Intel Atom Z530 processor. Four High Speed Link Boards (HSLBs) installed on the COPPER-III board (also with mezzanine connectors) collect gigabit per second data through optical links from four iTOP SRMs. One COPPER-III platform collects data from one iTOP module. The HSLB on-board controllers are Virtex-5 LXT FPGAs. The data collected from the iTOP module are forwarded to the Belle II event building system.
A copy of the 508.9 MHz SuperKEKB RF clock, divided by four, is provided to the SRMs from the Belle II front-end timing switch (FTSW) system [18] . For this purpose, dedicated FTSW boards (with a 6U VME form factor) were designed and fabricated. The on-board controllers of the FTSW boards are Virtex-5 LX FPGAs. One FTSW board is needed for two iTOP modules.
The jitter of the Belle II global clock timing system is in the range from 20 ps to 30 ps.
Performance evaluation of the iTOP FEE readout system
Performance of the ASIC carrier boards, the SCROD boards, and the SRMs was evaluated by a variety of measurements that were performed in four campaigns. During the first performance evaluation campaign, all ASIC carrier boards were tested individually. For each test, the front-end readout system was composed of a single carrier board attached to a SCROD board. A single SCROD board was used through all measurements, while all of the ASIC carrier boards, to be used in the SRMs, were evaluated. The measurements, for every channel of the four tested IRSX chips of each carrier board, included:
-measuring amplitudes and root-mean-square deviations of the pedestal signals and checking that these parameters were within specifications, -measuring the trigger threshold voltages to verify that they were within specifications, -probing read and write of key IRSX registers responsible for the control of the sampling, -sampling and digitizing a 160 MHz sine wave signal, with an amplitude of 1 V, to verify that the follow-up reconstruction of the signal from the data does not result in discontinuities at window boundaries in the reconstructed sine wave, -measuring the time delay between the leading edges of two 1.5 V pulses of 7 ns widths; the time delay between the two calibration pulses was 20 ns. The measurement of the time delay between two pulses demonstrated that the nominal time resolution specification of the IRSX readout channel ranges from 20 ps to 30 ps (Fig. 24) .
The gains of the two-stage amplifier chains for each channel of the ASIC carrier board were also measured to ensure that they were within predefined specifications. Those tests were done without MCP-PMTs, using a special emulator board, which had contact pads of a similar geometry to those of the Front Boards. During the measurements, the carrier board pogo pins were pressed against the pads on the emulator board in the same way as they are pressed against the pads on the Front Board when the carrier is a part of the SRM installed in the iTOP (Fig. 25) . The gains were measured when the emulator board pad contacts had voltages similar to those of the MCP-PMT anode signal voltages on the pad contacts of the Front Board.
The second performance evaluation campaign included testing firmware programming of all SCROD boards, together with accessing to their RAMs. In addition, quality assurance of all optical transceivers mounted on the SCROD boards was done.
In the third performance evaluation campaign, the assembled SRMs were tested at the laser test bench (Fig. 26) . The test simulated data taking for the SRM when it is installed in the iTOP. The laser was tuned for single photon detection by a single MCP-PMT pixel with the photomultiplier operational gain in the range from 2 x 10 5 to 3 x 10 5 and the detection efficiency of no less than 80%. During the measurements, the laser was triggered by an 800 Hz clock. In addition, a calibration pulse, completely independent from the laser trigger, was sent to the SRM. A copy of the 508.9 MHz clock, divided by four, was provided to the SRM by one FTSW board. The measured time was the time between the leading edge of the reconstructed pulse from the MCP-PMT signal and the leading edge of the reconstructed calibration pulse. The expected time resolution of SRM channels coupled with the MCP-PMT anodes was a quadrature sum of the IRSX channel timing resolution, the MCP-PMT transit time spread, which value is in the range from 30 ps to 40 ps, the FTSW board clock jitter, which value is in the range from 20 ps to 30 ps, and 25 ps/count resolution of the time-to-digital converter (CAMAC Phillips Scientific 7186) used at the test bench.
The time resolution of the SRM channels at the laser test bench was found to be in the range from 60 ps to 90 ps (Fig. 27) .
The iTOP FEE readout system must successfully sustain the radiation loads during the operational lifetime of Belle II, which is expected to be at least 10 years. It was estimated that, while operating at the design SuperKEKB instantaneous luminosity of 8 x 10 35 cm -2 s -1 , Belle II will accumulate a total fluence of 1 MeV equivalent neutrons of 15 x 10 10 n/cm 2 and a total radiation dose of 50 Gy during 10 years of operation [22] . To verify radiation hardness, the SCROD and ASIC carrier boards were tested at the Radiation Standards and Calibration Laboratory facilities at the Pacific Northwest National Laboratory [23] in the fourth evaluation campaign [24] . The tested readout system consisted of one carrier board attached to the SCROD board (a configuration similar to that used during the first FEE evaluation campaign). Initially, the tested system was exposed to a flux of neutrons from a Cf-252 source, with fluence ranging from 1.5 x 10 11 n/cm 2 to 3.6 x 10 11 n/cm 2 . The system was then subjected to a gamma ray dose ranging from 49 Gy to 51 Gy from a Co-60 source. The tested system operated continuously during the irradiation and was monitored for loss of communication, errors in data acquisition program configuration, and changes in voltage and current draw in the SCROD and ASIC carrier boards. A constant low rate of recoverable single event upsets was observed during the neutron irradiation. A gradual but permanent increase in the board current draw by less than 5%, with no accompanying faults, was caused by the gamma ray exposure. In both cases, no serious permanent damage was incurred by the on-board components. From these studies it was concluded that the SCROD and ASIC carrier boards will function in the radiation environment of Belle II over its lifetime. It was also estimated that the iTOP FEE readout system will have approximately 70 ± 23 single event upset errors in one Belle II operation year equal to 10 7 seconds.
Conclusion
In total, 78 SRMs were assembled from the fabricated SCROD and ASIC carrier boards. 64 board stacks were installed in the iTOP detector, with 14 spare board stacks. The installed SRMs made up the integrated iTOP front-end electronic readout system. Commissioning of the iTOP FEE readout system included in situ data taking from calibration laser and cosmic ray muon events with and without a 1.5 T magnetic field of the Belle II solenoid. The data taking demonstrated that the performance of the SCROD boards, ASIC carrier boards, and SRMs is comparable to or surpasses their performance during the first, second, and third evaluation campaigns. To date, the iTOP data acquisition operation proves robustness of the SRMs, as the reconstructed data show no signs of the FEE readout system performance degradation. Development of online and offline calibration algorithms, capable of reconstructing laser, cosmic ray muon, and e + e -collision data with a time resolution of less than 50 ps, is underway.
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